Evaluating the mRNA profile of podocytes in the diabetic kidney may indicate genes involved in the pathogenesis of diabetic nephropathy. To determine if the podocyte-specific gene information contained in mRNA profiles of the whole glomerulus of the diabetic kidney accurately reflects gene expression in the isolated podocytes, we crossed Nos3 2/2 IRG mice with podocin-rtTA and TetON-Cre mice for enhanced green fluorescent protein labeling of podocytes before diabetic injury. Diabetes was induced by streptozotocin, and mRNA profiles of isolated glomeruli and sorted podocytes from diabetic and control mice were examined 10 weeks later. Expression of podocyte-specific markers in glomeruli was downregulated in diabetic mice compared with controls. However, expression of these markers was not altered in sorted podocytes from diabetic mice. When mRNA levels of glomeruli were corrected for podocyte number per glomerulus, the differences in podocyte marker expression disappeared. Analysis of the differentially expressed genes in diabetic mice also revealed distinct upregulated pathways in the glomeruli (mitochondrial function, oxidative stress) and in podocytes (actin organization). In conclusion, our data suggest reduced expression of podocyte markers in glomeruli is a secondary effect of reduced podocyte number, thus podocyte-specific gene expression detected in the whole glomerulus may not represent that in podocytes in the diabetic kidney.
for enhanced green fluorescent protein labeling of podocytes before diabetic injury. Diabetes was induced by streptozotocin, and mRNA profiles of isolated glomeruli and sorted podocytes from diabetic and control mice were examined 10 weeks later. Expression of podocyte-specific markers in glomeruli was downregulated in diabetic mice compared with controls. However, expression of these markers was not altered in sorted podocytes from diabetic mice. When mRNA levels of glomeruli were corrected for podocyte number per glomerulus, the differences in podocyte marker expression disappeared. Analysis of the differentially expressed genes in diabetic mice also revealed distinct upregulated pathways in the glomeruli (mitochondrial function, oxidative stress) and in podocytes (actin organization). In conclusion, our data suggest reduced expression of podocyte markers in glomeruli is a secondary effect of reduced podocyte number, thus podocyte-specific gene expression detected in the whole glomerulus may not represent that in podocytes in the diabetic kidney. A large body of evidence suggests that podocyte injury is a key event in diabetic nephropathy (DN). The reduction in podocyte density is the strongest predictor of progressive DN 1 and its extent correlates directly with the magnitude of proteinuria. 2 Apoptosis, detachment of podocytes from the glomerular basement membrane, and epithelial-mesenchymal transition (EMT) are potential mechanisms for podocyte injury and loss in DN [3] [4] [5] ; however, its exact mechanism of loss remains unclear. Gene expression profiling of glomeruli or cortex of animal or human diabetic kidneys have been performed to ascertain differential regulation of genes involved in DN pathogenesis. 6, 7 However, due to the heterogeneity in cell types, these data provide limited information specifically on podocyte injury. Recently, mRNA profiles obtained directly from podocytes have been reported, 8, 9 but such information from the diabetic kidney has not been determined.
In this study we compared the mRNA profiles of glomeruli and podocytes between diabetic and control mice. We employed streptozotocin (STZ)-induced diabetes in eNOS 2/2 mice, resulting in a more pronounced DN phenotype than STZ induction alone. 10 In order to specifically label and isolate podoctyes, we crossed the eNOS 2/2 mice with the IRG mice 11 that ubiquitously express a red fluorescent protein prior to Cre-mediated recombination and an enhanced green fluorescent protein (EGFP) following recombination. These mice were further bred with podocin-rtTA and TetON-Cre (LC1) transgenic mice for inducible podocyte-specific EGFP expression. Mice were fed with doxycycline to induce EGFP expression permanently in podocytes prior to diabetes induction by at 8 weeks of age (STZ-eNOS 2/2 ). Body weight, blood glucose, and urine excretion of albumin were monitored every 2 weeks (Supplemental Figure 1, A-D) . Urine albumin-to-creatinine ratio steadily increased in the diabetic mice starting from 2 weeks post-STZ injection, and by 8 weeks a 10-fold increase was observed in comparison to the control mice (Supplemental Figure 1D) . By 10 weeks STZ-eNOS 2/2 mice developed typical histologic findings of DN, including mesangial expansion and foot process effacement (Supplemental Figure 2, A and B) .
We obtained whole glomeruli or sorted podocytes from diabetic and control mice at 10 weeks post-STZ injection for mRNA sequencing (RNA-seq). Sorted podocytes were viable and had enriched expression of podocyte differentiation markers (Supplemental Figure 3, A and  B) . Each glomerular RNA sample was from an individual mouse (n=4), while RNA samples from sorted podocytes were pooled from five mice per sample (n=3 diabetic, n=2 controls; one sample from a control mouse was discarded from analysis due to a technical issue). The top 50 differentially expressed genes (DEGs) in diabetic glomeruli or podocytes are listed in Supplemental Table 1 . The principle component analysis and the heatmap of DEGs are shown in Figure 1 , A-C. Consistent with the previous studies, the expression of podocyte-specific markers WT-1, nephrin, and synaptopodin was significantly downregulated in the diabetic glomeruli (Table 1 ). To our surprise, this downregulation was not observed in sorted podocytes of diabetic mice ( Table 1 ). The discrepancy in podocyte marker expression level between isolated glomeruli and sorted podocytes was further validated by real-time quantitative PCR (qPCR) (Figure 2A) . We confirmed by immunostaining that EGFP labeling co-localizes with WT-1 (Supplemental Figure 4A ), and consistent with the previous findings 3 podocyte number per glomerulus was significantly lower in the diabetic kidneys (Supplemental Figure 4B) . When the RNA-seq data were corrected for podocyte number per glomerulus, the apparent downregulation of podocyte marker expression in diabetic glomeruli also disappeared (Table 1) , consistent with the observation in the sorted podocytes.
A significant loss of nephrin immunostaining has been previously reported in the glomeruli of patients with advanced DN. 12 This may be due to the cleavage of the extracellular domain of nephrin molecule which becomes undetectable (as all available antibodies recognize only the extracellular domain of nephrin) and/or to the loss of podocytes. Immunostaining of diabetic kidneys for nephrin and podocin in fact showed a reduction in staining area, rather than of staining intensity ( Figure  2B ). We also did not detect any changes in EMT marker expression in podocytes by qPCR analysis ( Figure 3A ) and by immunostaining (Supplemental Figure 5) . RNA-seq data further revealed that the expression of cell death-related genes Bid, Dapk1, and Cd40 were significantly increased in diabetic podocytes, which was confirmed by qPCR analysis ( Figure  3B ). In addition, a modest increase in cleaved Caspase-3 expression was observed by immunostaining in EGFPpositive cells, suggesting an increased podocyte apoptosis in the diabetic kidney (Supplemental Figure 6) .
The above findings, from an unbiased approach, suggest that the decreased podocyte marker expression in diabetic glomeruli is likely a secondary effect of podocyte loss, rather than a direct result of podocyte dedifferentiation or EMT. This is an important step in better understanding DN pathogenesis, and it also indirectly supports the notion that terminally differentiated podocytes do not further dedifferentiate, similar to neurons. Nevertheless, we cannot rule out the possibility that podocytes may undergo dedifferentiation or EMT in other diabetic animal models with more advanced DN.
Analysis of the DEGs in isolated glomeruli revealed that the upregulated genes in diabetic glomeruli were mostly involved in the regulation of mitochondrial function and the oxidative stress pathway, whereas the downregulated genes were in involved in cell-cell signaling/ communication, growth factor receptormediated pathways, and angiogenesis (Supplemental Figures 7 and 8 ). Consistent with the previous observations, 13 these data suggest that mitochondrial dysfunction and oxidative stress are key events in the diabetic kidney leading to glomerular injury. Alteration of growth factor-mediated pathways may be related to cell survival. Changes in genes related to angiogenesis may be reflective of endothelial cell injury in DN.
However, whether these processes occur mainly in podocytes, mesangial cells, or glomerular endothelial cells cannot be concluded.
Analysis of the DEGs in sorted podocytes showed that many upregulated genes were involved in the actin organization (Supplemental Figure 9 ), suggesting that significant alteration of the actin cytoskeleton occurs in the early stage of diabetes-induced podocyte injury, which is consistent with the foot process effacement (Supplemental Figure 2B) . In persistent or aggravated injury, the early cytoskeletal changes may eventually lead to podocyte detachment or death, ensuing in their loss in DN. It also suggests that intervention to prevent podocyte detachment or death in the early stages of injury may be an effective therapy against diabetes-induced podocyte loss. Most of the downregulated genes in diabetic podocytes were involved in the RNA processing and endoplasmic reticulum function (Supplemental Figure 10) , suggesting a possible alteration in the mTOR pathway and autophagy/ER stress response in podocytes, which are known to be involved in podocyte injury in DN. 14, 15 The above pathway analyses of DEGs in diabetic mice indicate significant differences in the altered pathways between isolated glomeruli versus podocytes. Interestingly, the regulation of actin cytoskeleton-related genes differs between glomeruli and podocytes (i.e., some gene expression changes in opposite directions), suggesting that changes of actin cytoskeleton-related genes in other glomerular cells may mask their changes in podocytes. Our observation that actin cytoskeleton and mitochondrial function/oxidative stress are major pathways differentially regulated in podocytes and glomeruli, respectively, were further validated by qPCR analysis of select genes in each pathway ( Figure 3 , C and D). 8-Oxoguanine (8-oxoG) immunostaining further confirmed that the oxidative stress in the diabetic kidney is increased mostly in glomerular endothelial cells rather than in podocytes (Supplemental Figure 11 , A-C), which is consistent with a recently published study. 16 These findings raise an important question as Figure 1 . Heat map and PCA analysis between glomeruli and sorted podocytes from control and diabetic mice. The PCA was performed for transcriptomic data from glomeruli (A) and podocytes (B) between diabetic and non-diabetic mice. Genes with the highest loadings in the first three principal components were plotted in 3D visualization. For both isolated glomeruli and podocytes, PCA revealed that the diabetic and non-diabetic samples form distinct clusters, indicating that samples within each biologic group have more similarity. Each symbol represents each biologic sample (green circles, non-diabetic mice; red circles, diabetic mice). Heatmaps of the top 50 up-or downregulated genes from isolated glomeruli (C) and sorted podocytes (D) between diabetic and control mice (green marks, to whether mitochondrial dysfunction and increased oxidative stress occur in diabetic podocytes. However, many previous studies, mostly from cultured cells, suggest that oxidative stress is a key event in podocyte injury in diabetic kidney. In addition, recent studies from Dr. Kumar Sharma's laboratory suggest that mitochondrial-generated superoxide is reduced in the diabetic kidney. 17 Therefore, it would be important to further determine whether mitochondrialgenerated reactive oxygen species and NADPH oxidase (NOX)-generated reactive oxygen species are differentially regulated in specific glomerular cell types and at various stages during DN.
This study has a few limitations. First, it is limited to a model of type 1 diabetes induced by STZ at a single time point. Although we used multiple low doses of STZ to induce diabetes, a direct toxic effect of STZ in kidney cells cannot be excluded. 18 Future studies are required to determine whether similar observations would be made in other animal models of DN (i.e., type 2 diabetes, non-toxin-induced diabetes, and in a more susceptible genetic background) and to compare the podocyte gene expression profiles between mice with early and late DN. We anticipate that pathways related to actin cytoskeleton disorganization in podocytes might occur in early DN. Second, although we used sorted podocytes from control mice to normalize for possible altered gene expression in sorting and digestion processes, the degree of such change may not be identical between diabetic and control mice. A recent approach of translating ribosome affinity purification which avoids the digestion and sorting processes may provide better information on mRNA profiles of podocytes. 9 Future studies are required to compare the two approaches and to determine whether the translating ribosome affinity purification method may yield more information on the mechanism of podocyte injury in DN. Third, although each podocyte sample contained pooled podocytes sorted from five mice, the number of sample size per group used for sequencing was still small. Therefore, it is difficult to control for experimental variation that might contribute to the altered gene expressions between groups.
In conclusion, podocyte mRNA profiles provide more precise information on the mechanism of podocyte injury in comparison to the glomerular mRNA profiles. Because it is not possible to sort podocytes from human diabetic kidney, we believe that our data from whole glomeruli and sorted podocytes may be valuable in interpreting the gene expression profiles obtained from human diabetic glomeruli.
downregulation; red marks, upregulation). There were four glomerular RNA samples in each group, two podocyte RNA samples from control mice and three samples from diabetic mice. Unsupervised hierarchical clustering was performed for gene expression between samples. Four clusters in each heatmap represented upregulated genes in diabetic mice (top, left cluster), upregulated genes in control mice (top, right cluster), downregulated genes in diabetic mice (bottom, left cluster), and downregulated genes in control mice (bottom right cluster). 
CONCISE METHODS

Generation of Transgenic Mice
Animal studies were performed in accordance with the guidelines of and approved by the Institutional Animal Care and Use Committee at the Icahn School of Medicine at Mount Sinai (New York, NY). Mice were housed in a specific pathogen-free facility with free access to chow and water and a 12-hour day/night cycle. Breeding and genotyping were performed according to the standard procedures. NPHS2.rtTA 19 and IRG mice 11 (B6;C3-Tg(CAG-DsRed,-EGFP)5Gae/J) were purchased from The Jackson Laboratory (Bar Harbor, ME). The LC1 transgenic mouse was a generous gift from M.J. Moeller (University of Aachen, Germany). 20 To generate diabetic mice with inducible EGFP labeling in podocytes, we first crossed the IRG mice with eNOS -/-in C57BL/6 background (Jackson Laboratory), and then with NPHS2.rtTA and LC1 mice in order to generate the experimental NPHS2.rtTA;LC1; IRG;eNOS -/-mice. For the induction Cremediated EGFP expression, animals received doxycycline hydrochloride (Sigma-Aldrich, St Louis, MO) via drinking water (2 mg/ml with 5% sucrose) during pregnancy and nursing up to 4 weeks of age. To increase the induction efficiency, the mice received doxycycline (2 mg/ml) orally from P6 to P18 three times per week. 21 For induction of diabetes, male NPHS2.rtTA;LC1;IRG; eNOS -/-mice at 8 weeks of age were injected over 5 consecutive days with low-dose STZ (50 mg/g per day intraperitoneally; SigmaAldrich). Body weight and hind-limb blood glucose levels were monitored bi-weekly by glucometer readings. Diabetes was confirmed by fasting blood glucose level .300 mg/dl. The age-and sex-matched littermates injected with vehicle (CL-eNOS 2/2 ) served as non-diabetic controls. Urine samples were collected bi-weekly. The mice were sacrificed at 10 weeks post-STZ injection.
Measurement of Urinary Albuminto-Creatinine Ratio
Urine creatinine was quantified using commercial kits from BioAssay Systems (Hayward, CA). Urine albumin was determined using a commercial assay from Bethyl Laboratory Inc. (Houston, TX). Urine albumin excretion was expressed as the ratio of urine albumin to creatinine.
Kidney Histology
Harvested kidney samples for histology were fixed in 10% formalin, embedded in paraffin, and cut into 4 mm sections. Periodic acidSchiff stained sections were used for assessment of kidney histology. Assessment of the mesangial expansion was performed by pixel counts on a minimum of 15 glomeruli per section in a blinded manner, under 4003 magnifications (Zeiss AX10 microscope; Carl Zeiss Canada, Toronto, ON, Canada). For transmission electron microscopy, kidney cortex samples fixed in 2.5% glutaraldehyde were sectioned, mounted on a copper grid, and then images were photographed using a Hitachi H7650 microscope (Tokyo, Japan) as described previously. 22 
Immunofluorescence Staining
Frozen sections were used for immunofluorescence staining for WT-1, podocin, and nephrin as described previously 23 and images were taken using the Carl Zeiss Axioplan 2 IE microscope. 8-OxoG staining on formaldehydeperfused frozen sections was done as previously described 16 using anti-8-oxoG monoclonal antibody (N45.1; Japan Institute for the Control of Aging). Sections were also stained with rabbit anti-podocin antibody (a gift from Dr. Peter Mundel) and antibodies for CD31 (MEC 7.46; Abcam, Inc.), E-cadherin (4065; Cell Signaling Technology), Alpha SMA (5694; Abcam, Inc.), and Cleaved caspase3 (9664; Cell Signaling Technology).
Isolation of Glomeruli and Sorting of Podocytes
Glomeruli were isolated by Dynabead perfusion and EGFP-labeled podocytes were sorted as described recently. 8 Briefly, animals were perfused with prewarmed 8 ml bead solution and 2 ml bead solution with enzymatic digestion buffer (Collagenase type II 300U/ml, Proteinase E 1 mg/ml and Dnase I 50 U/ml). Kidneys then were removed, decapsulated, minced into 1 mm 3 pieces, and digested in 3 ml digestion buffer at 37°C for 15 min on a rotator (100 rpm). Digested tissues were passed through a 100-mm cell strainer and collected by centrifugation. The pellet was resuspended in 2 ml of Hanks' buffered salt solution and glomeruli were washed three times and collected using a magnet. The separated glomeruli were resuspended in 2 ml digestion buffer and incubated at 37°C for 40 min at 1400 rpm/min on a thermomixer. During the second digestion period, the solution was vortexed every 10 min and sheared with a 27G needle every 15 min. Then, the solution was put on a magnetic particle concentrator and the supernatant was pooled. The suspension was then sieved through a 40mm cell strainer and centrifuged at 1500 rpm for 5 min at 4°C. After a two-step approach for primary cell purification, single cells were resuspended in 0.5 ml of Hanks' buffered salt solution supplemented with 2% fetal bovine serum, 25 mM HEPES and 496-diamidino-2-phenylindole (1 mg/ml). The single-cell suspension was then sorted into EGFP-positive and EGFP-negative populations with a BD Aria II cell sorter with a laser excitation at 488 nm and a sheath pressure of 30 PSI. On average, 450,000 podocytes were sorted per mouse (see Supplementary Figure 1 ).
mRNA Isolation for RNA Sequencing
Total RNA was isolated from either isolated glomeruli or sorted podocytes by using the RNeasy mini kit (Qiagen 74104) according to the manufacturer's protocol. RNA concentrations were quantified using a Nano-drop Spectrophotometer at a wavelength of 260 nm. RNA samples were analyzed by Bioanalyzer at a concentration of 100-200 ng/ml to verify the concentration and the purity of samples. Only the samples with RNA integrity values of .7.0 were used for mRNA sequencing at the Genomic Core Facility at Icahn School of Medicine at Mount Sinai School.
Bioinformatics Analysis of mRNA Sequencing (RNA-seq) Data
The RNA-seq data were analyzed by following the procedure described below. Briefly, after markers was performed in the kidney of these mice. EGFP was visualized in the podocytes of both STZ-eNOS 2/2 and CL-eNOS 2/2 mice.
sequence quality filtering at a cutoff of a minimum quality score Q20 in at least 90% bases, the good-quality reads aligned to Reads were processed and aligned to the University of California Santa Cruz (UCSC) Mus musculus reference genome and transcriptome (build mm10) using the BurrowsWheeler Aligner (bwa). 24 The reads that are uniquely aligned to the exon and splicing junction sites for each transcript were combined to calculate an expression level for a corresponding transcript and further normalized based on reads per kilobase per million reads 25 in order to compare transcription levels among samples. The transcripts with a low raw read count ,100 in all the samples were excluded for downstream analysis. Gene expression value was transformed to the log 2 base scale. Principle Component Analysis (PCA) was first performed to assess the sample correlations using the expression data of all the genes. The differentially expressed genes in STZ mice compared with control mice were identified by the R package DEGseq for sorted podocytes 26 and we selected the genes based on DEGseq adjusted P,0.05 and 1.5-fold change in this 2:3 comparison on which a standard statistic test was not applicable. The limma test 27 was applied for analysis of data in isolated glomeruli. A specific gene was considered differentially expressed if the P value given by these methods was #0.05. The Gene Ontology and pathway analysis for the differentially expressed genes were then performed with fold change cutoff of $1.5 using INGENUITY © IPA (www.ingenuity.com/ products/ipa) and the online tool Enrichr. 28 The read coverage of gene functional elements was also visualized by the Integrative Genome Viewer tool (www.broadinstitute.org/igv/) from the genome alignment file. Heatmap analysis was performed for the top 50 differentially expressed genes using the DEGseq test after the median center was transformed using Multi-Experiment Viewer software. 29 
Real-Time PCR
Primers for RT-PCR were designed by using Primer-Blast (NCBI) (Supplemental Table 2 ). Gene expression was normalized to Gapdh, and fold change in expression relative to the control group was calculated using the 2 -ΔΔCt method.
Two technical replicates per gene were used.
Statistical Analysis
Data are expressed as mean6SEM. For comparison of means between three or more groups, two-way ANOVA with Bonferroni post-test was applied. For comparisons of means between two groups, two-tailed, unpaired t tests were performed. Prism 5 (GraphPad, La Jolla, CA) was used for statistical analyses. 
